Abstract: A recent experiment showed that coherent long-range acoustic communication (200-300 Hz) is feasible in deep water over a $550-km range between a source and a horizontal towed array ($100 m aperture). The low input signal-to-noise ratio (SNR) (e.g., À10 dB) at an element level required conventional beamforming to enhance the SNR of the communication signals for subsequent channel equalization and decoding. This paper demonstrates that with a larger aperture ($200 m), multiple adjacent beams can be exploited to further improve the communication performance, achieving an almost errorfree data rate of 100 bits/s for QPSK modulation at $550 km range.
Introduction
Underwater acoustic communication often involves the use of vertical arrays that provide spatial diversity when the array elements are well-separated (e.g., a few wavelengths) in order to cope with channel fading and mitigate intersymbol interference (ISI). Various receivers for diversity combining and equalization have been studied over the last two decades. [1] [2] [3] [4] [5] The most common receiver is the adaptive multichannel decision feedback equalizer (DFE) in which the feedforward section of the DFE corresponds to the adaptive combining of spatial diversity. 1, 2 For time reversal communications, 6 spatiotemporal matched filters are used as an optimal multichannel combiner followed by a single-channel adaptive DFE.
When the array elements are closely spaced (e.g., one-half wavelength), diversity combining is replaced with beamforming that can achieve an array gain provided the noise is uncorrelated while the signal is coherent across the array. 7 The signal-tonoise ratio (SNR) enhancement is essential for low SNR cases at an element level (e.g., À10 dB) facilitating subsequent signal processing. 5, 8 In communications, beamforming can also be used to mitigate channel fading and ISI by spatially resolving a dominant (e.g., most energetic) path while rejecting undesirable multipath interferences and noise. 9, 10 The beam output with minimal ISI can be processed further by an adaptive equalizer. 11, 12 Nonetheless, beamforming is not as widely used as spatial diversity combining for underwater communications since the approach requires angular separation of multipath components and typically more array elements.
Rather than focusing on individual beams, multiple beam outputs can be processed jointly using a multi-beam DFE while preserving the multipath diversity, similar to the multichannel DFE. Stojanovic et al. 13 proposed optimal beamforming and equalization to reduce the complexity of the multichannel equalizers by moving from a K-dimensional element space to a smaller P-dimensional beam space. Here, each beam does not necessarily correspond to the individual multipath components. In fact, time reversal communications 6 can be viewed as a special case where P ¼ 1. If each path is resolved, a problem with the beam outputs (multipaths) in underwater channels is that they most likely are correlated, as opposed to wireless channels where multipath arrivals are assumed uncorrelated. Thus it is difficult to predict how much gain beamdomain processing would offer as compared to spatial diversity. Recently Yang 5 investigated the beam diversity gain using data collected from a short-aperture vertical array (6-m), suggesting the potential of beam-domain processing (multi-beam DFE) over element-domain processing (multichannel DFE) at low input SNRs (<15 dB) and closely-spaced arrays.
Previous experimental array results in acoustic communications primarily have been concerned with vertical arrays in oceanic waveguides. Although beamforming with a horizontal array has been studied extensively in sonar array processing, acoustic communications using a horizontal array has received little attention in the literature. One exception is the long-range acoustic communication (LRAC10) experiment carried out recently in deep water off the Southern California Coast. 8 The experiment involved two mobile components: (a) A source towed at a speed of 2-3 knots at $75-m depth and (b) a horizontal line array towed at 3.5 knots at $200-m depth. Due to the modest source level ($172 dB), beamforming of the received data was crucial to providing adequate SNR for subsequent channel equalization and decoding. Initial analysis of the LRAC10 data utilized a 64-element, 95-m long array aperture whose design frequency was 500 Hz with element spacing of d ¼ 1.5 m and demonstrated an information rate of 50 bits/s at $550 km range, using a 100-Hz bandwidth (200-300 Hz) and QPSK modulation along with half-rate error-correction coding.
Although successful, one limitation of using the horizontal array was a lack of diversity to mitigate channel fading. In this paper, we investigate multiple beams using a horizontal array for long-range acoustic communication in deep water. To achieve this objective, data from a larger aperture ($200 m) with twice the spacing used previously (d ¼ 3 m) will be analyzed despite potential spatial aliasing of higher frequency components of the signal (>250 Hz) since it can provide a higher angular resolution or directivity. 14 
LRAC10 experiment
The LRAC10 experiment 8 15 mostly at 3.5 knots between the source and California continental shelf at ranges from 100-700 km. The FORA was deployed to a depth of $200 m. Analysis and modeling based on the measured sound speed profile predicted the existence of distinct convergence zones at $50 km intervals out to $300 km that subsequently smear out with an increase in range. 16 In consideration of this and the relatively low power of the source being used ($172 dB), a 550-km range was selected for the main operating area to explore long-range acoustic communication as indicated by the box in Fig. 1 . In addition, the array was towed in a north-south track to put the source approximately broadside to the towed array and well-separated from the endfire towship (R/V Melville) noise. There were no significant features in the deep water bathymetry along the acoustic path.
The conventional linear portion of the FORA (Ref.
. In this paper, we will utilize the full 189-m long, 64-element ultra-low frequency (ULF) subaperture with its element spacing doubled (d ¼ 3 m, L ¼ 189 m) to achieve a higher angular resolution. Note that the design frequency of the ULF subaperture (250 Hz) falls in the middle of the signal bandwidth (200-300 Hz). However, spatial aliasing can be avoided for a source approximately broadside to the towed array, which was the motivation of the north-south track in Fig. 1 .
Beamforming
In this section, we analyze the 3-min long QPSK communication sequence utilizing both LF and ULF subaperture arrays. The carrier frequency is 250 Hz with a 100-Hz bandwidth (200-300 Hz). The shaping pulse is a square-root raised cosine filter with an excess bandwidth of 100% and a symbol rate of R ¼ 50 symbols/s. Beamforming of a 250 Hz continuous wave (CW) signal with uniform weighting is compared for the two 64-element arrays in from broadside where the ULF clearly provides a narrower beam. In fact, the half-power beamwidth in the vicinity of broadside is given by h H ' 0:9ðk=Lcos hÞ, where k is the wavelength at the carrier frequency.
14 When h ¼ À22 , the ULF beamwidth is about 1.7 , one-half of the LF beamwidth (3.4 ). The broad arrival around þ65 is from the towship (R/V Melville) which is not endfire due to the array geometry with respect to the towship (distance and depth). The two arrivals at À45 and þ32 are from transiting ships. There appears an additional transiting ship (i.e., À25 ) close to the source signal. The CW tone provides an estimate of the Doppler shift f d ¼ À0.34 Hz which will be used for Doppler (compression/dilation) compensation of the broadband signal.
Multiple beams
The impact of high angular resolution with the ULF array is illustrated in Fig. 3 , displaying spectrograms of the broadband beamformer output (100-300 Hz) steered to three adjacent angles: A few observations can be made. First, the spectral characteristics in Fig. 3 look significantly different at 1 intervals in terms of their intensities and shapes. The signal intensity (200-300 Hz) in Fig. 3(a) is comparable to the noise intensity below is from the towship (R/V Melville). Two arrivals at À45 and þ32 are due to transiting ships with an additional ship (À25 ) close to the CW tone. . Second, the intensity gradually decreases over the duration of data packet (3-min) for all three angles, referred to as common channel fading, clearly noticeable at À21
in Fig. 3(c) . Since all three beams fade in a similar way, diversity will be viewed in the context of the CIRs as discussed below.
Two distinct arrivals are shown in Fig. 3(d) separated by about 30-ms at À22
, close to the 33-ms observed with the LF array. 8 Only the first arrival is captured at À21 while the second is captured at À23 . In fact, interference between the two arrivals resulted in the spectral null around 250 Hz shown in Fig. 3(b) . The different CIRs at different angles (beams) will be exploited as diversity. Finally, the peak amplitude of the arrivals decreases from À23 to À21 , consistent with the intensities shown in Figs. 3(a)-3(c) . The corresponding SNRs with the ULF array are estimated as 9.4, 7.3, and 3 dB, respectively. This is in contrast with the LF array where the highest SNR (4.5 dB) was observed at À22 because of its broader beamwidth (3.4 ) and proximity to the transiting ship at À25 .
Performance enhancement
The high angular resolution provided by the ULF array toward broadside allows for capturing the source signal at 1 intervals very close to an interfering ship as shown in Fig. 3 . First, we process the three beamformer outputs separately to evaluate the communication performance for individual beams. After resampling based on the estimated Doppler shift, the 3-min long communication signal (N ¼ 8642 symbols) is demodulated to a complex-baseband at two samples per symbol (T/2), or 100 Hz. Then a fractionally-spaced adaptive DFE with a second-order phase-locked loop (PLL) 17 is applied with 12 feedforward and 2 feedback taps. A recursive least squares algorithm is employed with a forgetting factor of 0.995 and N T ¼ 50 training symbols.
The individual performance of the three different angles from À23 to À21 is 7.1, 6.5, and 3 dB in terms of output SNR with corresponding bit error rates (BERs) of 1.2%, 1.9%, and 15%, respectively. It should be pointed out that only the first ). The symbol rate is 50 symbols/s using a 100-Hz bandwidth (200-300 Hz) with a data rate of 100 bits/s. A fractionally-spaced single or multibeam DFE with a second-order PLL is applied. The BERs are 1.9% and 0.3%, respectively, with corresponding output SNRs of 6.5 and 8.9 dB. N ¼ 6000 symbols are processed for À21 due to the low input SNR (3 dB) and significant channel fading over time [see Fig. 3(c) ]. As expected, the best performance is achieved at À23 with the highest input SNR of 9.4 dB. The performance at À22 is displayed in Fig. 4(a) as a scatter plot with 6.5 dB output SNR and 1.9% BER which is compared to the 4 dB output SNR and 5% BER achieved with the LF aperture. 8 The 2.5-dB increase in output SNR is not surprising since the ULF aperture provides a higher angular resolution and increases the input SNR ($3 dB) to the DFE by rejecting more noise as discussed in Sec. 4 .
What is interesting is that the performance can be improved further by combining multiple adjacent beams provided by the ULF array. Note that the CIRs for two beams (À23 and À22 ) are noticeably different from one another with a single and two arrivals, respectively. In addition, both beams yield modest input SNRs (9.4 and 7.3 dB). Thus the two beam outputs can be combined using a multi-beam processor and the resulting performance is displayed in Fig. 4(b) , achieving an almost errorfree data rate of 100 bits/s for QPSK modulation at $550 km range. Specifically, the output SNR is 8.9 dB with a BER of 0.3% compared to 6.5 dB with 1.9% BER for the single beam case (À22 ). The additional 2.4 dB gain obtained from combining the two beams is beneficial at the expense of modest computational complexity. Similar to the single beam DFE, the multi-beam DFE with a second-order PLL employs 12 feedforward taps for each channel (beam) and 2 feedback taps. Thus the 2-beam case requires a total of 26 parameters. It should be mentioned that there is an additional minimal increase (0.3 dB) in output SNR by combining all three beams due to the lower input SNR at À21
.
